Diseases and host dynamics are linked, but their associations may vary in strength, be time-24 lagged, and depend on environmental influences. Where a vector is involved in disease 25 transmission, its dynamics are an additional influence, and we often lack a general 26 understanding on how diseases, hosts and vectors interact. We report on the occurrence of six 27 zoonotic arthropod-borne pathogens (Anaplasma, Bartonella, Borrelia, Coxiella, Francisella and 28 Rickettsia) 
prevalence. 48

INTRODUCTION 49
The reservoir of an infectious agent is the natural habitat in which the agent normally lives and 50
traits following Gómez et al. (2004). Three flea species were identified (Ctenophthalmus apertus, 173
Nosopsyllus fasciatus and Leptopsylla taschenbergi). Ticks were rarely found and collected on 174 voles, so we did not identified ticks to genus and/or species levels, or record the developmental 175 stage (i.e., larva, nymph, or adult). Vole carcasses were kept frozen at -23˚C until dissection, 176 which followed standard protocols. The spleen and liver were kept separately in labelled tubes 177 and stored at -23˚C until used for molecular detection of pathogens. 178
DNA extraction and multiplex PCR-Reverse Line Blot 179
DNA was extracted from a homogenized mix of liver and spleen (ca. 25 mg) using commercial 180 kits (QIAamp® DNA Mini Kit, Qiagen, Hilden, Germany) according to the standard procedures of 181 the manufacturer. A multiplex Polymerase Chain Reaction (PCR) was set up for the simultaneous 182 detection of six vector-borne pathogens (A. phagocytophilum, Bartonella spp., Borrelia spp., C. 183 burnetii, F. tularensis and Rickettsia spp.) combined with a reverse line blotting (RLB), as 184 previously described (Anda et al. 2012) . Sensitivity of the multiplex PCR was between 10 and 185 100 GE (Genome Equivalents) and specificity with unrelated bacteria, mammals and arthropods 186 was 100% (Anda et al. 2012). All positive samples to any given pathogen were further tested 187 separately using specific probes with an individual PCR and subsequent RLB. 188
Detection of F. tularensis 189
We used a phylogenetically informative region of gene lpnA (231 bp) that was amplified by 190 conventional PCR and further hybridization with specific probes by RLB as previous described in 191 Escudero et al. (2008) . Positive samples were tested using a real-time multitarget TaqMan PCR, 192 using tul4 and ISFtu2 assays (Versage et al. 2003) . A negative PCR control as well as a negative 193 control for DNA extraction was included in each group of samples tested. For real-time PCR using 194 tul4, ISFtu2, a type A positive control was used, as type A strains are restricted to North America. 
Statistical analyses 204
We focused on Bartonella and F. tularensis because the other pathogens screened were not 205 detected in voles. We used Generalized Linear Models (GLM) with a binomial error structure 206
and logit link for all the analyses of prevalence, which were done with R v3 
Density-dependence: host-pathogen interactions 223
The probability of a vole being infected (categorical variable: "0" vs. "1", as dependent variable) 224 at time t was tested according to vole abundance (at time t), previous vole abundance (4 months 225 before, times t-4) and mouse abundance (wood mouse and Algerian mouse abundance at time 226 t). As host abundance changed seasonally and by sex, the categorical variables season 227 (spring/March, summer/July and winter/November) and sex (male and female) were also 228 included in the initial models. Correlation between vole and mouse abundances at times t and t-229 4 was tested. In order to address collinearity issues and improve model fitting to the data, vole 230 abundances were log-transformed when included as explanatory variables (rho between Log 231 (vole abundance t) and Log (vole abundance t-4) = 0.28; rho between Log (vole abundance t) and 232 mouse abundance t = 0.46; rho between Log (vole abundance t-4) and mouse abundance t = -233 0.35). We built a series of GLMs with a binomial error including these different explanatory 234
variables. 235
Flea-pathogen interactions 236
We considered flea prevalence (whether or not a vole had fleas) and vole sex as explanatory 237
variables. These models were also fitted for each Bartonella species in turn to examine species-238 specific relationships. We further tested which flea species better explained the prevalence of 239 Bartonella spp., as well as that of each Bartonella species separately. 240
Pathogen-pathogen interactions 241
We used Bartonella spp. prevalence as dependent variable and F. tularensis prevalence, vole 242 abundance at time t and sex, and the 2-way interaction between F. tularensis prevalence and12 vole abundance as explanatory variables. We similarly tested for associations between F. 244 tularensis and each Bartonella species separately. 245
RESULTS
246
Pathogens prevalence in common vole 247
Among the six pathogens screened, only F. tularensis and Bartonella spp. were detected using 248
PCRs. Bartonella spp. prevalence averaged 47% (112/240), with marked differences between 249 seasonal samplings: prevalence was maximum during the summer peak in vole density (July 250 2014), when 69% (70/101) of voles were infected (Fig. 1) . For F. tularensis, we also confirmed 251 that 20% (49/240) of voles were infected on average, and that in July 2014, prevalence peaked 252 at 34% (34/101; Fig. 1 ). 253
Bartonella species infecting voles 254
Five Bartonella species were identified among infected voles (Table 1) Bartonella species were detected in 59% (65/111) of the positive voles (Table 1) . Moreover, a 258 mix of three different Bartonella species was found in 8% (9/111) of the positive voles. One of 259 the samples reacted with the 16S rRNA probe, but not with any of the other 36 Bartonella 260 species-specific ITS probes (Table 1 ). Attempts to sequence the ITS amplicon were unsuccessful 261 and the sample was classified as belonging to an unknown Bartonella species. 262
Density-dependence: host-pathogen interactions 263
The models that best explained variation in Bartonella ssp. prevalence in voles included vole 264 abundance (direct, positive density-dependence), mouse abundance (direct, negative density-265 dependence) and season (see model selection in Table 2 and Fig. 2 ). Both mouse abundance and 266 vole abundance were statistically significant: vole abundance influenced prevalence positively 267 13 (slope ± standard error (S.E.): 3.45 ± 0.80), but mouse abundance influenced prevalence 268 negatively (-0.39 ± 0.09; Fig. 2 ). In addition, pathogen prevalence in voles was relatively higher 269 in winter than in summer or spring (Fig. 2) . 270
Two models explained B. doshiae prevalence in voles equally well, and included season 271 and mouse abundance, or these variables plus vole abundance (Δ-AICc < 2; Table 2 ). Prevalence 272 decreased with increasing mouse abundance (slope ± S.E.: -0.19 ± 0.09), was higher in winter 273 (estimate ± S.E.: 3.12 ± 1.18) and summer (2.02 ± 1.10) than in spring (-3.35 ± 1.09) and increased 274 with vole abundance. 275
For B. rochalimae, two models also explained equally well prevalence variation in voles 276 (Δ-AICc < 2; Table 2 ). One model included contemporary and previous vole densities, while the 277 other model also included mouse abundance. However, mouse density was marginally 278 significant, and the omission of this variable improved the significance of vole densities (Table  279 2). B. rochalimae prevalence increased with current vole density (slope ± S.E. = 0.88 ± 0.48) and 280 with vole density 4 months before (slope ± S.E. = 1.27 ± 0.55). This was the only species of 281
Bartonella that showed a positive delayed density-dependence and its prevalence did not 282 differed between seasons. 283 B. grahamii and B. taylorii prevalence varied like Bartonella spp. prevalence. In both 284 species, prevalence in voles increased with vole density (slope ± S.E.: 3.20 ± 1.26, for B. grahamii; 285 and 3.61 ± 1.11, for B. taylorii) and decreased with mouse density (-0.40 ± 0.16, for B. grahamii; 286 and -0.50 ± 0.15, for B. taylorii) ( Table 2 ). B. grahamii prevalence was higher in winter (estimate 287 ± S.E.: 1.88 ± 0.88) than in summer (0.53 ± 0.77) and lowest in spring (-3.72 ± 1.09). B. taylorii 288 prevalence in voles was lower in spring (estimate ± S.E. = -2.27 ± 0.79) than in winter (1.54 ± 289 0.69) and there was a null effect in summer (coefficient not significant). 290
Flea-pathogen interaction 291
14 Almost all (94%; 225/240) the voles that were screened during this study arrived alive to the 292 laboratory. Among them, 56% (125/225) were females and 44% (100/225) were males. A total 293 of 153 (68%) voles were infested with fleas, with 643 fleas collected from 70 male voles and 83 294 female voles. By contrast, only 5 (2%) voles were infested with ticks, considering both larvae and 295 nymphs (29 ticks collected from 4 females and 1 male). The community of fleas was dominated 296 by C. apertus (62%), followed by N. fasciatus (37%), and with L. taschenbergi (1%) occurring in a 297 minor proportion. Details about flea prevalence and tick prevalence on voles at each sampling 298 period are shown in Table 3 . 
Pathogen-pathogen interaction 312
The presence of both F. tularensis and Bartonella spp. was detected in 13% (31/240) of the 313 screened voles (Table 3) . Coinfection rate (F. tularensis and Bartonella spp) reached a maximum 314 of 24% (24/101 voles) in July 2014 when voles reached their maximum density (Table 4) . Overall, 315 the probability of a vole being infected by both pathogens was not different from that predicted 316 15 from the prevalence of each pathogen at a given sampling time (Table 3) . Coinfection rate was 317 15% (20/135) in female voles and 10% (11/105) in male voles (Table 4) . We observed that the 318 probability of being infected with both pathogens was not different from the predicted 319 prevalence of each pathogen in voles (χ 2 1= 6.81, p < 0.05; Table 3 pathogens and vectors, as well as the interactions between pathogens, have not been studied 332 previously. Our study shown a significant association between host and pathogen dynamics, and 333 that the probability of infection with Bartonella spp. increased with flea prevalence, which is 334 consistent with Bartonella spp. being a flea-borne pathogen. We also provided evidence that 335 the occurrence of one zoonotic pathogen (Bartonella spp.) was not dependent on the 336 occurrence of the other (F. tularensis) in vole populations. Our study was cross-sectional and 337 relatively limited in terms of duration (2 years), so, in order to better tease apart the relative 338 importance of density-dependence and seasonality, a longer-term investigation of host-339 pathogen dynamics should follow up, complemented by longitudinal studies that follow 340 16 infection dynamics at individual level over time. Despite these limitations, we were able to 341 provide novel insights that we discuss below. 342
Bartonella infection in voles 343
Bartonella spp. was the most prevalent bacteria in voles, infecting almost half (47%) of all the 344 voles analysed, while just a fifth (20%) of all the voles were infected with F. tularensis. This 345 Bartonella spp. prevalence falls within the range (between 11 and 72 %) of those previously 346 reported in rodents from other European countries (Gutiérrez et al. 2015) . B. taylorii, B. 347 rochalimae and B. grahamii were the most prevalent pathogens in voles, and there was a high 348 percentage of mixed infections (59%), with dual infections among B. taylorii and B. grahamii 349 being most frequent. This relatively high percentage may be reflecting a host specificity of these 350 species. However, to assert this, it will be necessary to screen the prevalence of the species of 351
Bartonella in other rodents that cohabit with voles. 352
Density-dependence of Bartonella prevalence in voles 353
An effect of host density on Bartonella spp. prevalence has been demonstrated in several rodent 354 species. For instance, in a study of a Mediterranean peri-urban environment without voles, 355 Bartonella spp. occurrence was positively correlated with wood mouse abundance, the most 356 abundant small mammal of the community, but not with Algerian mouse abundance, despite 357 prevalence being higher in autumn than in spring for both rodent species (Cevidanes et al. 2017) . 358
In that case, density-dependence was tested considering a pool of various species of Bartonella, 359 so the density-dependent pattern may have been masked by the most prevalent species of 360
Bartonella. In another study in a moist Atlantic climate using long-term data from field voles, 361 which also experience abundance outbreaks and are infested by fleas, Telfer et al. (2007a) found 362 that different species of Bartonella exhibited contrasting dynamics in two alternative hosts: field 363 voles and wood mice. The probability of infection with B. doshiae and B. taylorii increased with 364 field vole density, while B. doshiae and B. grahamii increased with wood mouse density. In 365 another study with different rodent hosts (bank voles, Myodes glareolus, and wood mice), B. 366 taylorii and B. doshiae were more prevalent in wood mouse, while B. birtlesii was more prevalent 367 in bank vole (Telfer et al. 2007b ). This suggests that the distribution and abundance of each 368
Bartonella species do not follow common patterns and that their response to host density 369 depends on the most abundant, preferred host. These findings highlight that each species of 370
Bartonella has its distribution pattern and abundance, host specificity, seasonality and response 371 to host density. Therefore, studying the relationship between pathogen and host dynamics 372 Bartonella spp., not on the prevalence at species level (but see Telfer et al. 2007b ). Overall, we 387 found that Bartonella spp. prevalence in voles was highest during winter (Fig. 2) when taking  388 into account host densities. Altogether, more fleas were collected in spring and summer than 389 during winter. An increase in the infection probability with Bartonella spp. in winter could be 390 the result of an increase in the occurrence of infected alternative hosts, increasing the infection 391 probability in voles. However, we need to know the Bartonella spp. prevalence of the alternative 392 rodent hosts (mice) as well as prevalence in the main vector (fleas) in order to better understand 393 these interactions. At the species level, the infection probability with B. grahamii, B. taylorii and 394 B. doshiae in voles followed a marked seasonal variation, i.e., increased in winter and lowest in 395 spring. B. rochalimae was the only species whose prevalence did not vary seasonally, but was 396 also the one with the lowest prevalence in voles. A seasonal pattern for B. grahamii has been 397 also found in other vole species, but not for B. taylorii and B. doshiae (Telfer et al. 2007a) . Such 398 seasonal differences may be due to the dynamics and phenology of the fleas that transmit 399
Bartonella spp. 400
Ectoparasite vectors and Bartonella prevalence in voles 401
Pathogen prevalence also varies with vector dynamics. we observed in our study system (a lag of 8 months; unpublished data), but more work is needed 420 to test this hypothesis. 421
Coinfections with Bartonella and F. tularensis 422
Coinfection with more than one pathogen seems to be common in wildlife. We found 423 coinfection between Bartonella spp., a flea-borne bacterium, and F. tularensis, a facultative flea-424 borne bacterium. In the absence of tick-borne infection, the pairwise combination was limited, 425 and the pattern of infection was consistent with concurrent exposure rather than variation in 426 susceptibility. Around 13% of all the common voles screened here were simultaneously infected 427 with F. tularensis and Bartonella spp., and this percentage of coinfection reached 24% during 428 the population peak in July 2014 (see Table 3 with F. tularenis, killing the animal. However, the initial association among the two bacteria 445 disappeared when we considered host density. The lack of correlation between both pathogens 446 reflected the similarity of percentages of coinfection to those expected by multiplying the 447 percentage of infected individuals by each pathogen independently (see Table 3 Algerian mouse abundance, at time t) and season. The graphs show model outputs (Table 2) , 699 with grey shades denoting 95% confidence intervals of the predicted curves. 700 Table S1 . Background information on the pathogens screened in the studied common voles, 702 based on the best available knowledge for infections in rodents. 
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